Abstract Colloidal suspensions are extensively used in everyday life and find several applications in the pharmaceutical, chemical, food industries, etc. We present the classical molecular dynamics simulation results of the structural and transport properties of charged colloidal suspensions as a function of its size, charge and concentration. The system is viewed as a two-component (colloids and counterions) primitive model consisting of spherical colloid particle (macroion) and the counterions (micro-particles), which are treated explicitly. The solvent is treated as dielectric continuum. A systematic trend in the radial distribution functions g(r), potential of mean force W(r), different thermodynamic properties and diffusion coefficients is obtained as a function of colloid charge, size and concentration. An attractive minimum in W(r) is obtained at short interparticle distance.
INTRODUCTION
Colloidal suspensions of charged macroparticles in an electrolyte solution received a long-time scientific interests. They are complex systems with large asymmetry in charge, size and mass consisting of mesoscopic polyions, the colloid (in nm-μm range) and the microscopic ions (counterions, co-ions) [1] [2] [3] . A basic understanding of these important fluids from a microscopic viewpoint uses methods of statistical mechanics. A statistical mechanical description of the highly asymmetric multicomponent system is a considerable challenge, and requires some degree of coarse graining (elimination of degrees of freedom of some of the small species). The multicomponent colloidal system is not viewed as a mixture, but as monodisperse system formally equivalent to a simple liquid; the colloid playing the role of atoms with a "modified" interaction potential which implicitly accounts for the effects of the remaining constituents [4, 5] . This is the famous repulsive Derjaguin-Landau-Verwey-Overbeek (DLVO) potential [6] . In the primitive model (PM), the macro-particles (colloids) and the micro-particles (counterions and co-ions) are treated explicitly, while the solvent is considered as dielectric continuum. This model contains many characteristic features of colloidal suspensions; asymmetry in macroion and small ions, strong electrostatic repulsions between colloids, condensation of counterions around the polyions, etc. The macroion and the counterions are dealt explicitly in the absence of salt and this level of description is stated as the two-component primitive model. PM has been employed successively for studying macroionic solutions using computer simulations and liquid-state theories based on Ornstein-Zernike equation (OZE). Though, the OZE based theories are very popular and computationally inexpensive, obtaining convergent solutions have been a problem, particularly for systems with increasing asymmetry between macroions and microions [7] [8] [9] . With increasing computational resources, use of computer simulations to model colloidal systems is increasing, however, it still remains a great challenge to study the structure and dynamics of real colloidal systems. In this paper, we employ molecular dynamics (MD) simulations on highly asymmetric binary colloidal systems. We present the systematic variation of radial distribution functions and diffusion coefficient along with the thermodynamic properties, and potential of mean force as a function of colloidal charge, size and concentration.
METHOD

Model
We use the primitive model (PM) and viewed our system as an asymmetric binary mixture consisting of negatively charged spherical colloid (m) and positively charged small ions (+) in continuum solvent, interacting by the pair potential,
( ) = Τ The radial distribution function (RDF), ( ),is key to liquid state theory and is proportional to the probability of finding a particle infinitesimally at a distance r from origin. For our system, the RDF can be written as
Where V and N are respectively volume and the number of particles, δ is the delta function and the <…> represents the ensemble average. From the radial distribution function ( ), we have computed various properties, e.g., the potential of mean force (pmf), ( ) the coordination number ( ), osmotic coefficient Ф, etc. using the following standard formulae [10, 11] .
is the excess free energy per ion; ( ) and ℎ ( ) are the pair correlation function (or radial distribution function) and the total correlation function respectively. Diffusion coefficient is calculated using well known relation due to Einstein [11] .
Where,   t r is the position of the particle at time t and <….> denotes ensemble averaging.
Simulation Details
The simulations were carried out using canonical ensemble at a constant temperature of 298.15K maintained by Langevin thermostat [12] . Velocity verlet algorithm is used to integrate Newton's equations of motion with a time step of 5fs for total simulation time of 10ns preceded by equilibration of 9ns. P3M algorithm [13] was used for the columbic interactions. The simulations include atleast 20000 particles packed in cubic box with periodic boundary conditions using ESPResSO package [14] .
RESULTS AND DISCUSSIONS
We studied both the static and dynamic properties of asymmetric binary colloids with the radius of macroion Rm (in nm) = 10, 16, 20, 30, 50, charge of macroion Zm (in e) = 25, 50, 75, 100, and concentration of macroion Cm (in µM) = 0.4840, 0.9681, 1.4521, 1.9362 (µM = 10 -6 molar). For all the systems, the radius and charge of the counterion was fixed at 0.15 nm and 1e, respectively.
Variation of Colloid Charge
The effect of increasing colloid charge (at a fixed Rm = 16nm and Cm = 0.9681µM) on various RDFs (colloid-colloid gmm(r), colloid-counterion gm+(r) and counterion-counterion g++(r)) is displayed in FIGURE 1. As the colloid charge (Zm) increases, the starting of the gmm(r) (FIGURE 1a) curves shift towards larger interparticle distance and the peak height of the first neighboring peak of gmm(r) increases. The colloid-counterion RDFs gm+(r), showed in FIGURE 1b, increases at the macroion surface (around r = σm+). As the charge of the macroion
increases, the counterion accumulates (increasing repulsion among them) resulting decrease in the effective charge of the macroion leading to attraction between the particles. It is also observed that the correlation length decreases with increase in the charge of macroion leading to increase in long-range interaction in the system. With increase in Zm, the broad maxima of counterion-counterion RDFs g++(r)) (FIGURE 1c) increase and the peak positions shift towards lower r/σ++, the peak becomes sharper owing to the stronger counterion accumulation. This behavior is in consistent with previous findings [15] . The magnitude of W(r) (FIGURE 1d) decreases with increasing Zm, becomes negative (attraction) and becomes positive (repulsion) with increasing the inter-colloid separation.
Variation of Colloid Size
The effect of increasing colloid size (at a fixed Zm = 25e and Cm = 0.9681µM) on various RDFs are displayed in FIGURE 2. As the colloid size increases, the peak height of gmm(r) (FIGURE 2a) increases steadily from 1.14 for Rm = 10nm to 1.56 for Rm = 50nm and the peak positions are shifted towards the lower r/σmm: from 6.01 for Rm = 10 to 1.1 for Rm = 50 nm. This shifting of peak positions towards the colloid surface with increasing Rm. indicates that colloids with smaller size show larger repulsion (larger effective colloid charge). And as the size of colloidal particle increases, the broad peak becomes narrower indicating accumulation of larger number of particles. The colloid-counterion correlation function gm+(r) (FIGURE 2b) decreases as the radius of colloid increases, indicating a decrease in counterion accumulation on the colloid surface. The accumulation of counter-ions near a colloid surface is determined by the product of surface area and the probability of finding the counterion at the colloid surface. The contact value of g++(r) in FIGURE 2c decreases as the size of colloidal particle increases showing repulsions among the counter-ions. As size of colloidal particle increases, the W(r) (FIGURE 2d) decreases and the interactions between the colloids becomes less repulsive and become attractive. This behavior is very similar with variation in charge discussed above.
Variation of Colloid Concentration
The effect of varied concentration of colloid (at a fixed parameter of Zm= 25e and Rm= 16nm) on different RDFs are presented in FIGURE 3.
FIGURE 3
Plots of RDFs and W(r) for varied colloid concentration with fixed colloid charge Zm= 25e and radius Rm= 16 nm.
Increase in colloid concentration has the combined effect of increasing counterion concentration (due to electroneutrality) as well as increasing the packing fraction. As the concentration of colloids in the solution increases, the first neighboring peak of gmm(r) (FIGURE 3a) shifts toward the shorter separations with increase in the peak height. With increasing concentration of colloid, the coordination number increases from 1 for Cm = 0.4840 µM and 4 for Cm = 1.9362 µM (FIGURE 3b). The gm+(r) (FIGURE 3c) is sharply peaked at r/σ++ = 1.0 and decreases with increase in the concentration. The g++(r) (FIGURE 3d) shows a broad maximum, probably due to correlations between counterions condensed in the surface of same colloid. With increasing the colloid concentration, the general features of W(r) (FIGURE 3e) is similar to variation in charge and size. However, the positions of the minima shift towards lower inter-colloid distance as colloid concentration increases.
Variation in Thermodynamic Properties and Diffusion Coefficients
The thermodynamic properties like excess free energy (-Uex), osmotic coefficient (Ф) as a function of colloid charge, size and concentration is plotted in FIGURE 4.
FIGURE 4
Plots of thermodynamic properties Excess free energy (-Uex) and osmotic coefficient (Ф) with variation in size, charge and concentration of colloid.
The excess free energy (-Uex) increases when charge as well as concentration of macroion increases, and as the macroion size decreases. Osmotic coefficient shows opposite trend with variation in charge and size of macroion, but it follows similar trend with increase in concentration of macroion. This is in consistent with reported results [15] including aqueous protein solutions [16] . The variation of colloid self-diffusion coefficient Dmm with charge, size and concentration is plotted in FIGURE 5. With charge of colloid, the Dmm decreases with increase in charge and becomes steady at larger colloid charge. With increase in size of colloid, Dmm increases steadily till Rm =30nm and then decreases as Rm increases. Dmm in case of concentration variation decreases with increase in concentration of colloid. Studies on mutual diffusion coefficients as a function of charge, size and concentration of colloid is in progress and will be communicated elsewhere.
